Zingiber officinale (Zingiberaceae) is a common spice and a medicine widely cultivated in tropical and subtropical climate around the globe, which contains both precious polyphenols and terpenes in its extracts. The ubiquity of ginger in a variety of foods encouraged the authors to assess the influence of thermal processing and digestion of the plant material on its antioxidant capacity. The obtained results of DPPH assay showed marked differences in the antioxidant potential of the processed samples, in comparison with fresh ginger rhizomes. Autoclave and microwave heating procedures were found to evoke the mildest decomposition of the antioxidants and increase the antioxidant capacity of the plant (from IC 50 of 210±10 for a fresh rhizome to ca 160±16 µg/mL for the former, and to 150±18 for the latter technique), whereas frying and boiling for different durations significantly deteriorated the antiradical potential up to IC 50 = 940±36 µg/mL. Mouth and stomach digestion decreased the antioxidant potential of the extracts even to ca. 1000±47 µg/mL. A protective role of saliva towards the antioxidant compounds against hydrochloric acid and pepsin activities has been proven. A marked deterioration in antioxidant capacity in digested rhizomes may shed new light on the actual absorption of consumed polyphenols with food products.
Ginger (Zingiber officinale Roscoe) is a well-known plant commonly used as a spice and medicine since ancient times [1, 2] . It is widely cultivated in many tropical and subtropical countries, including India, Japan, China, Nigeria and Australia [3] . Ginger and its extracts present a wide spectrum of biological properties, including antibacterial activity, improved blood glucose tolerance, enhancement of lipid profile, and even a decrease in blood pressure [4] [5] . Additionally, ginger rhizomes are known for their marked antiallergic, cytoprotective and anticarcinogenic potential, which is mostly correlated with a high antioxidant activity and a significant content of polyphenols [6] . The intentions of the authors were to show the eventual differences in antioxidant potential that appear during the processing and digestion of the fresh rhizomes, considering the constantly growing number of customers purchasing the plant and introducing it into their daily diets. The authors introduced various digestion models to evaluate the influence of mouth (in vivo) and stomach (in vitro) digestion on the free radical scavenging properties of the samples. According to Peng and co-investigators [7] , the antiradical properties of foods undergo various changes during the biotransformation in human organisms so that the finally absorbed products might exhibit very different properties. There are many studies focused on the influence of drying methods (air, microwave, vacuum and freeze drying) on the volatile composition and antioxidant properties of ginger [3, [8] [9] [10] . However, still there is not much data on the changes in the antioxidant potential of ginger due to some culinary and thermal processing, as well as to digestion.
Therefore the aim of the present study was to investigate the influence of different types of sample processing on the antiradical activity of ginger rhizomes. Furthermore, in the current study, the authors compared the scavenging potential of different parts of the plant.
The antioxidant activity of the investigated material was characterized by the IC 50 values related to the concentration of extract able to deactivate half of the radicals present in the tested sample (see Table 1 ) [11] . The lower the IC 50 value, the higher the antioxidant activity of the product. Fresh rhizome of Japanese ginger (ging FR) possessed antiradical activity comparable with a 0.2 mg/mL water solution of quercetin, which is well known for its strong antioxidant properties. Other organs of ginger, such as the root, leaf and stem, presented much lower antiradical activity (the lowest was determined for leaf -IC 50 = 750 µg/mL), which confirmed that ginger rhizome contains the highest amount of antioxidants in the whole plant. Drying of the sample for 2 h at 105°C (ging DR) significantly decreased the antiradical potential of the rhizome -an increase in IC 50 value from 210 to 300 µg/mL was observed. However, a longer storage of ginger in the fridge (1 and 3 weeks long, samples WK 1 and WK 3) resulted in only a slight decrease in its antiradical potential.
The process of digestion was proven to diminish the antioxidant activity of the samples in all studied types of digestion protocols. The obtained data is interesting and remains consistent with the previously published results for other plant species [12] . Based on these observations, the process of digestion seems to decompose phenolic constituents in the foods, leading to a marked decrease in its antioxidant potential. The changes in the antioxidant activity of ginger may be influenced by the pH of the reaction environment [13] . The largest variations in the measured IC 50 values were observed when applying hydrochloric acid and pepsin to the sample. However, the addition of saliva (ging Sal) and chewing of the sample (DIG 3-1) decreased the antiradical potential of fresh ginger rhizome by only a minor level. It is probable that saliva exerts protective effects on the antioxidants in ginger rhizomes, as the samples which where chewed and then digested with HCl did not lose as much of their antioxidant potential as those subjected to HCl action solely. Also, the process of direct HCl digestion caused a higher decrease in the antiradical scavenging activity than when applying both HCl and pepsin. However, these differences were not statistically significant ( Figure 1 , Table 1 ).
Several heating procedures applied within the presented study caused different changes in the IC 50 values of the investigated extracts. Frying was found to cause the highest decrease in antiradical scavenging activity and was correlated with the duration of processing (see Figure 1 ). The longer the process was conducted, the higher the IC 50 values that were obtained. Similar changes were observed in the case of boiling, but here the decrease in antioxidant activity of ginger was milder in comparison with frying. The observed deterioration in antioxidant potential in thermally processed samples might have been due to the oxidation and/or dehydration of phenolics present in ginger, such as gingerols, and an increased concentration of shogaols, which possess lower antiradical activity. Such observations were recently made by Li et al. on Chinese ginger thermally processed according to Traditional Chinese Medicine methods [14] . The content and types of gingerols have great influence on the antioxidant capacity of ginger rhizomes, which might be connected with some changes in their redox properties, which allow them to act as hydrogen donors, reducing agents and singlet oxygen quenchers [14, 15] . It is worthy of note that not all heating processes caused similar changes in the antioxidant properties of ginger in the performed study. Autoclaving and microwave heating highly increased the antioxidant potential of ginger rhizomes. The exceptions were found in the case of microwave heating: 5 min processing (MAE 5) (see Table 1 , Figure 1 ) decreased the IC 50 parameter from 210 to 150 µg/mL, which equated to an elevation in the antioxidant properties of ginger rhizome after processing. The obtained potential corresponded to 0.5 mg/mL water solution of quercetin.
There is not much literature data on this subject. However, recently there appeared some findings, which suggested the creation of new metabolites in the thermal processing. In the case of ginger these are shogaols and other new derivatives of volatile components [10, 16] . Furthermore, Dahmke and co-investigators [17] described an elevated anticancer potential of turmeric tubers that were initially thermally processed. These data may explain the increase in some biological activities of natural products present in the Zingiberaceae family, but detailed mechanisms of biotransformation are still not known. Microwave and autoclave heating were found to be the mildest processing techniques for ginger rhizomes. The obtained data are consistent with the former studies of Ding et al. [9] , who, based on cluster analysis, also concluded that microwave drying was the most preferable drying method. The studies performed on Chinese ginger also revealed that dried ginger had the highest antiradical activity determined in four different antioxidant tests [14] .
The analysis of ginger-containing foods showed that industrial processing of the rhizomes caused a significant decrease in the antioxidant capacity of ginger. The lowest activity was observed for ginger cookies (ging C), where the IC 50 value was above 1000 µg/mL. The mildest decomposition of antioxidants was observed for the pickled young ginger rhizomes -pink in color (SG Y) and was expressed in the IC 50 value of 240 µg/mL. The antioxidant capacity of other investigated food products, such as teas or candies, was weak when compared with fresh ginger. However, the quantity of ginger extracts or rhizomes in the total mass of a particular product was low. The highest antioxidant activity was determined for organic powdered ginger rhizome (ging Or) and was almost twice as high as that of fresh ginger.
Ward's method performed on the obtained antioxidant results (see Figure 2 ) enabled analysis of both similarities and differences between the samples. Short-termed thermal processing (MAE 1, AU 30, BL 5, BL 10) did not affect the antioxidant potential of the plant significantly. That is why it would be recommended to add ginger rhizomes at the end of the cooking process. The most distant samples, in relation to the fresh, most active rhizomes were those digested in the presence of HCl and those found in some foods, such as powdered teas and candies. Also frying for a long period gave the highest IC 50 values among the investigated samples.
Antioxidant activity of ginger rhizomes
Natural Product Communications Vol. 11 (8) The performed studies showed that thermal processing has a significant influence on the antioxidant capacity of ginger. Drying and boiling decreased, while autoclaving and microwave energy increased the antioxidant activity of ginger. Rhizomes were found to be the most active parts of the plant. Our study sheds new light on the significant influence of digestion on the antiradical scavenging activity of fresh ginger rhizome, which is described for the first time. The majority of ginger containing products available on the Japanese market, except for two kinds of gari (SG Y, SG O), ginger in sugar (ging S) and an organic ginger (ging Or), had weak antiradical activity. The highest antioxidant properties were determined for organic ginger, cultivated in ecological plantations in the Tokushima province and in fresh ginger rhizomes.
Considering the obtained results, fresh ginger might be perceived as the best source of antioxidants among all tested samples. It may be preserved in the fridge with no major loss to its phenolic constituents for up to 3 weeks.
Experimental
Investigated material: Four kg of fresh ginger rhizomes (Zingiber officinale Roscoe) of Japanese origin were purchased in a local shop in Tokushima (Shikoku, Japan). They were obtained from Kochi ginger plantation, as indicated on the packages, in July 2013. For the purpose of the study, all rhizomes were finely cut, mixed and used for the preparation of extracts within 3 days. In between the tests, the plant material was kept in a fridge, as the prepared extracts. All investigated ginger products were bought in several supermarkets in Tokushima city and they contained ginger cultivated in the same area. Food products used in the present study were as follows: powdered, spray-dried ginger rhizome from organic plantations (organic ginger), yellow and pink pickled ginger for sushi (yellow and pink gari), ginger-flavored hard candies (candies), crunchy ginger-flavored cookies (cookie), two kinds of sliced ginger with sugar (sweet 1 and 2), two kinds of ginger containing granulated tea (powder 1 and 2). Also, root, leaf, stem and peeled root were used in the study. Ginger samples and all food products containing ginger were authenticated by Prof. Yoshinori Asakawa from the Department of Pharmaceutical Chemistry of Tokushima Bunri University (Japan).
Reagents:
Diethyl ether, DMSO, ethanol (reagent grade) and 35% hydrochloric acid (extra pure reagent) were purchased from Nacalai Tesque (Kyoto, Japan). DPPH, pepsin, quercetin and silica gel 230-400 mesh were obtained from Sigma Aldrich (St. Louis, USA).
Thermal processing: Portions of 10 g fresh ginger rhizomes were subjected to several kinds of thermal processing with variable times of heating. They were: fried on a ceramic pan for 2, 5, 10 and 15 min with no addition of oil, boiled in hot deionized water for 5, 10 and 15 min; heated in an autoclave at 128°C for 30, 60 and 90 min and processed in a microwave oven (microwave power of 600 W) for 1, 3, and 5 min. All processes were repeated 5 times for each heating mode and time.
Digestion: Concentrated hydrochloric acid was diluted with deionized water to the final pH of 3.4 and then 32 mg of pepsin was dissolved in 100 mL of that solution. Portions of 10 g of finely cut fresh ginger rhizomes were digested by several different protocols, which were as follows: 60 min maceration only in HCl solution; 60 min digestion in the mixture of HCl and pepsin at 37°C to simulate gastric digestion; ground in a mortar with human saliva for 10 min at room temperature; chewed for 3 min and then incubated with HCl solution at 37°C for 60 min; chewed for 3 min and then incubated in a mixture of HCl and pepsin at 37°C for 60 min. The digestion was performed with constant stirring, using a magnetic stirrer and constituted a modification of a previously published digestion scheme [16] .
Extraction: Samples of ca. 10 g of ginger rhizomes (fresh, thermal processed or digested) or ginger containing food products were finely cut and ground in a mortar with 10 mL portions of diethyl ether for 3 min. The process was repeated 4 times for each sample, extracts were combined, dried over silica gel, and kept until the solvent had evaporated.
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Antioxidant determination, DPPH test:
All extracts obtained in the present study were assayed for their ability to quench free radicals in the 1,1-diphenyl-2-picrylhydrazyl (DPPH) test. The procedure used in this study was that of Kukula-Koch et al. [18] . A solution of 10 mg of DPPH in 100 mL of ethanol was prepared immediately before analysis. For each extract a stock solution in DMSO with a concentration of 1 mg/mL was prepared. Then a series of dilutions was made from the stock solution: 50, 100, 200, 300 and 500 µg/mL. In the next step, 0.1 mL of a prepared sample was added to a test tube containing 1.9 mL of DPPH radical solution. The reaction mixtures were subsequently incubated at 37°C for 30 min and the absorbance was measured at 515 nm using a Ultrospec 3100 pro spectrophotometer (GE Healthcare). Methanol was selected for the negative control. All determinations were performed in triplicate. The values of UV absorbance were plotted to calculate the IC 50 values of each extract. Scavenging of DPPH radical was evaluated by comparison with a negative control group. Calculated IC 50 values denoted the concentration of sample required to scavenge 50% DPPH free radicals. DPPH scavenging activity was expressed as IC 50 in µg/mL.
IC 50 values were used to compare the antioxidant properties of different organs of ginger, several ginger containing food products, and ginger transformed during thermal and digestion processes.
Water solutions of quercetin in a concentration 0.1-0.5 mg/mL were used as the antioxidant standard.
Statistical analysis:
The obtained data were statistically elaborated using MS Excel 2007 and StatSoft Statistica 10.0 PL (an academic licence of the Medical University of Lublin).
The description of statistical results were given in the form of the mean value and standard deviation. The reported differences were considered statistically significant at p <0.05. The compatibility of the normal distribution was checked using a Shapiro-Wilk test, whereas the homogeneity of variance was estimated in the Brown-Forsyth and Levene's tests. Additionally, the Ward's method was selected for cluster analysis of data to discuss the similarities between the processed samples and the fresh ginger rhizome. Oneway ANOVA was applied for the comparison of studied parameters and a reasonable significant difference was measured in the RIR Tukey and Scheffe tests. In case of homogeneity of error variance the Kruskal-Wallis test was used.
